We systematically studied the dependencies of substrate temperature, laser fluence, deposition time, ambient gas pressure and laser frequency on the structural and magnetic properties of Nd-Fe-B thin films synthesized by pulsed-laser deposition at high substrate temperature T s . A coercive force of 2.0-2.4 kOe was obtained on samples with a thickness of 70-90 nm and an average grain size of 50-70 nm grown at T s of 620-650°C. We showed a clear trend through statistical analysis that the coercivity decreases with increasing film thickness up to 800 nm due to an increase in the crystalline grain size. Oxidation layer and defects on the grain surface may also have greatly reduced the nucleation field and thus resulted in a low coercivity and low saturation magnetization of the samples. Comparison of the films made by PLD and sputtering under similar conditions has been discussed.
I. INTRODUCTION
Nd-Fe-B thin films with high energy-product have an attractive potential for device applications. [1] [2] [3] [4] Among various approaches of thin film deposition investigated to produce Nd-Fe-B films such as sputtering, 1-3,5-10 pulsed-laser deposition ͑PLD͒ [11] [12] [13] [14] and molecular-beam-epitaxy ͑MBE͒, 15 sputtering ͑either dc or rf͒ has proven to be the most successful one. High quality sputtered Nd-Fe-B films were reported to have a room temperature coercive force H c of 10-20 kOe [7] [8] [9] [10] and energy product more than 10 MGOe. 2, 7, 8, 10 In contrast, films made by PLD were usually reported to have much lower H c around 1 kOe. As a unique technique, PLD has the merit of more variables of deposition parameters than sputtering. For instance, PLD can be applied in a wide range of ambient gas pressure from a few Torr to the ultrahigh vacuum ͑UHV͒ region. The poor quality reported in PLD-made Nd-Fe-B films may imply that the limitation of PLD has not been reached due to insufficient studies on this topic. To obtain high quality Nd-Fe-B films by using sputtering method, the films were fabricated either at low substrate temperature ͑low T s ͒ followed by high temperature annealing 4, 9, 10 or at high substrate temperature ͑high T s ͒ directly without further annealing. 2,3,6 -8 Nd-Fe-B films with low coercive force made by PLD were mainly grown at high T s . Recently, Nakano et al. successfully obtained PLDmade Nd-Fe-B films with H c of 7 kOe by depositing the film at room temperature and post annealing it at 550-650°C. 16 However, the growth mechanisms of NdFe-B films at high T s and low T s are remarkably different. The films grown at low T s ͑either by PLD or sputtering͒ have a polycrystalline microstructure with random crystalline orientations, while the films grown at high T s could have preferred microstructure and crystalline orientation. PLD is one of the best methods to produce epitaxial multilayered thin films, to make textured Nd-Fe-B thin films by PLD at high T s and to increase the H c value of the films from 1 kOe to a higher level is of both academic and technical interest.
In this report, we present the results of a systematic study on correlations between various deposition parameters and the structural, magnetic properties of Nd-Fe-B films grown at high T s in PLD. An out-of-plane H c of 2.4 kOe, average magnetization of 0.9 T and reduced remanence of 0.75 ͑out-of-plane͒ was obtained in the films made at T s around 640°C.
II. EXPERIMENT
Nd-Fe-B thin films were fabricated on ͑100͒ yttriastablized zirconia ͑YSZ͒ substrates in a PLD system with a base pressure of 1.0ϫ10 7 Torr. YSZ substrate is chemically compatible with Nd-Fe-B film. At T s near 700°C, the interdiffusion lengths of Y and Zr into Nd-Fe-B film or those of Nd, Fe, B into YSZ substrate are found to be around 10-30 nm.
14 A pellet of Nd 13.5 Fe 80.0 B 6.5 ͑measured by inductively coupled plasma emission spectroscopy͒ was used as the target to fabricate all the films. Its composition is close to the stoichiometry of Nd 2 Fe 14 B, however, a kink was observed in the magnetization hysteresis loop of the target materials showing the existence of soft magnetic phases. For each deposition 2-3 pieces of 5 mmϫ5 mmϫ0.5 mm substrates were mounted on the heater 33 mm away from the target surface. Before deposition, the target was pre-ablated by a 20 Hz laser beam for 10 min. For most of the samples, a pure argon gas ͑99.995% in purity͒ was introduced to adjust the a͒ Author to whom correspondence should be addressed; electronic mail: phyxusy@nus.edu.sg; Fax: ͑65͒ 777 6126. ambient working pressure P Ar in the deposition chamber. The effects of various deposition parameters including T s , P Ar , laser fluence and frequency were studied by varying one deposition parameter while keeping the rest as constants. The films were deposited for 30-120 min and then cooled down naturally to room temperature in high vacuum. A top layer of 30 nm Au was coated on the film surface by dc sputtering before the samples were characterized at room temperature with vibrating sample magnetometer ͑VSM, Oxford Instrument, MagLab͒, x-ray diffraction ͑XRD͒, atomic force microscopy ͑AFM͒, scanning electron microscopy ͑SEM͒ and transmission electron microscopy ͑TEM͒. For the element analysis with the energy dispersive x-ray spectrometer ͑EDX͒ affiliated to the SEM, a small piece of bulk cut from the target was used as the standard.
III. RESULTS AND DISCUSSION

A. Dependence of substrate temperature T s
At T s of 550-650°C, the samples mainly show weak ͑006͒ and ͑004͒ reflections of the tetragonal Nd 2 Fe 14 B phase in their XRD -2 scanning patterns ͑Fig. 1͒. Soft magnetic phases such as ␣-Fe may also exist in these films, but the ͑110͒ peak of ␣-Fe corresponding to its polycrystalline grains is too close to the ͑006͒ peak of Nd 2 Fe 14 B to be distinguished. The ratio of S Ќ /S ʈ ͑where reduced remanence SϭM r /M s , S Ќ and S ʈ are measured out-of-plane and inplane, respectively͒ of these samples is around 1.2-1.6, showing a weak perpendicular magnetic anisotropy ͑PMA͒ which is consistent with the XRD results.
When thin films are grown at high T s , a small change in T s may cause remarkable changes in the diffusion process of adatoms thus the film growth mode. In several series of NdFe-B films grown at 530-690°C under fixed P Ar , laser frequency, laser fluence and deposition time, we observed considerable fluctuations in the measured values of H c and S against T s , which could not be simply attributed to the control of PLD conditions. It implies that the growth behavior of Nd-Fe-B film by PLD is complicated. The magnetic properties of Nd-Fe-B film are closely related to the microstructure of the film, i.e., grain size, shape, orientation, grain boundary and distribution of impurities and second phases, while the microstructure of the film is determined by a combination of several major factors including T s , kinetic energy, chemical composition of the species in the plume of PLD as well as unexpected contaminations. To give a clear picture of the T s dependence on the magnetic properties of PLD-made Nd-Fe-B films with least misleading information from experimental errors, we made a statistics analysis by plotting out the values of H c against T s of a number of films in Fig. 2 , regardless of the other parameters, e.g., P Ar , laser fluence or deposition time used for these samples. The trend indicates that the maximum values of H c peaks at a narrow T s region around 620-650°C. AFM micrographs of the samples reveal that the higher T s , the bigger the grain size. As shown in Fig. 3 , the average lateral grain size of the film grown at 625°C is larger than that of the films grown at 530°C or 550°C. On the other hand, at the same T s of 625°C, the film deposited for 120 min has larger grains than that in the film grown for 60 min. It is stated that high H c is easily obtained with a grain size below 80 nm, 5 and simulation results show that the highest H c could be obtained at grain size of around 20 nm in a mixture system of hard and soft magnetic grains. 17, 18 In our samples, a small average grain size in 30-40 nm ͑grown at T s of 530-550°C͒ did not yield a higher H c than the films with average grain size of 50-70 nm ͑grown at 600-650°C͒, implying that these films consist of a pretty low volume percentage of hard magnetic phase Nd 2 Fe 14 B due to insufficient crystallization of Nd 2 Fe 14 B grains. Therefore, the grains observed under AFM are not all Nd 2 Fe 14 B crystalline grains, and factors other than grain size should have set in to contribute to the coercive mechanism, which is to be discussed later in this report. 
C. Dependence of film thickness on the magnetic properties
We found that film thickness was a critical factor for the magnetic properties of the films. Figure 5 plots the film thickness dependence on H c of a number of samples grown at varied T s of 530-690°C, P Ar of 2ϫ10 Ϫ7 -3ϫ10 Ϫ1 Torr and laser fluence of 2-4 J/cm 2 . The statistical trend is clear: the maximum coercivity achievable is higher in thin films than that in thick films. Among all the samples, the highest H c of 2.0-2.4 kOe was obtained in films with thickness around 70-90 nm. Here the grain size effect may play a key role. At the same T s , longer deposition time will yield thicker films with larger crystalline grains, as shown in Fig.  3͑c͒ and Fig. 3͑d͒ . There may exist an optimum grain size of Nd 2 Fe 14 B for high coercive force in PLD-made Nd-Fe-B films, beyond which, the coercive force decreases with increase of grain size. A thickness of 70-90 nm is close to the lateral grain size of 50-70 nm observed in our films with highest H c . However, this size is much larger than the simulated optimum, 20 nm. 17, 18 The main reason could be the oxidation and defects occurred at the surface layer of the hard magnetic grains. When the grain size is around 30-40 nm, this oxidation/defect layer takes a relatively large volume percentage, and their low coercivity less than 1 kOe greatly reduces the nucleation field of the hard magnetic grain. 21 On the other hand, when the grain size is too large, the soft magnetic grains could not be exchange-coupled to the hard magnetic grains and thus the film is supposed to have a low coercivity. We note here that some films do not show perpendicular magnetic anisotropy but present H cЌ ϽH cʈ , especially when the films are thin. In these films, the texture of c-axis perpendicular to the film plane is not dominating, and the films are more like polycrystalline films with random grain orientations. The related microstructure of these films is not clear yet.
Similar thickness dependence was observed in sputtered films with heated substrates at around 550°C. 22 In sputtered films grown at room temperature followed by an annealing process at 500-700°C, the grain size of the films is mainly determined by the duration and temperature of the annealing processes rather than by the deposition duration at room temperature. 4 While in films grown at high T s , the growth and annealing processes occur at the same time and a longer deposition time yield a larger grain size. In another report on sputtered Nd-Fe-B thin films grown on Si ͑111͒ at high T s ͑600-700°C͒, a trend of increasing H c with increase of film thickness was observed. 23 We argued that in this case the impurity effect due to the diffusion of Si into the Nd-Fe-B layer was dominating, which had overlapped the effect of grain size. Figure 6 presents a comparison of the hysteresis loops of a thick ͑460 nm͒ and a thin ͑85 nm͒ film. The thin film has obvious perpendicular magnetic anisotropy ͑PMA͒ with a out-of-plane coercivity of 2.1 kOe and a saturation magnetization of 0.6 T, while the thick film shows not much difference between its in-plane and out-of-plane loops, a lower coercivity of 1.2 kOe and a magnetization of 0.8 T. Most of the samples showed a magnetization much lower than the bulk value. As just discussed, it could be due to a low volume percentage of Nd 2 Fe 14 B phase in the film, so that the efficient thickness of Nd 2 Fe 14 B phase is much smaller than the physical thickness of the film measured with surface step profiler. The PMA effect resulted from c-axis preferred texture in the films is suppressed when the films getting thicker. 22 The thickness dependence of PLD-made Nd-Fe-B thin films is not favorable for applications where thick permanent magnet films are required to obtain sufficient magnetic flux. A proper way of lamination of the film with an inter layer like ␣-Fe 24 -26 or Ta 27 may solve the problem. However, to fabricate a multilayer more complicated deposition techniques are needed and the c-axis texture of the film could be greatly suppressed. Compared to sputtering, which is ready to produce very thick films in the order of 100 m, 28 PLD once again shows its limitation that it is a versatile deposition method for academic interest rather than for practical applications.
D. Influence of laser frequency and ambient gas pressure
We did not observe considerable difference in the microstructure and magnet properties of the Nd-Fe-B films when the laser frequency was varied from 5 Hz to 30 Hz. It could be attributed to the polycrystalline nature of the films. The films typically have many micron-size particles on the surface with a density around 10 7 -10 8 /cm 2 ͓Fig. 7͑a͔͒. However, by using high vacuum ͑10 Ϫ7 Torr͒, low laser fluence and high laser frequency, the particle density on the NdFe-B film surface could be reduced to 10 6 /cm 2 ͓Fig. 7͑b͔͒. The ambient gas pressure during the deposition of thin films in PLD affects the impinging kinetic energy of the ions on the substrate surface. High ambient gas pressure results in low kinetic energy of the species in the plume due to their intensive collisions with gas atoms or molecules. Since NdFe-B thin films are metallic, we used purified Ar to study the dependence of impinging kinetic energy of adatoms on the structure, morphology and magnetic properties of the films. It showed that the ambient Ar pressure P Ar from 10 Ϫ7 Torr to 10 -1 Torr did not change the preference of c-axis texture of the films grown on ͑100͒ YSZ at 550°C-690°C. 14 The films grown at lower P Ar tend to have smaller grain size and lower surface roughness, but no clear trend of P Ar dependence on coercive force was observed in the 10 in a decrease of H c , which is probably due to more contamination induced by the impurities in the Ar gas.
E. Microstructure of the films
Nd-Fe-B thin films grown at high T s had a granular and polycrystalline microstructure. In a simplified model, the intrinsic coercivity of the NdFe-B magnet could be described as H c j ϭaH A ϪbM s , where H A and M s are the anisotropy field and magnetization, respectively. 29, 30 The coefficient a is related to exchange coupling between adjacent grains and the reduction of nucleation field, and b is a coefficient related to the internal counterfields. 21 We attribute the low coercive force observed in the samples to two main factors. First, the oxidation and defects occur at the hard magnetic grain surface reduce the nucleation field of the grain, 21 especially when the grain size is small. This factor results in a higher H c in films with grain size of 50-70 nm. Second, the dispersive distribution of grain size as well as irregular grain shape result in larger effective demagnetization factor and thus a relatively large coefficient b, 30, 10 therefore, a low coercivity. In the PLD process, the laser spot on the Nd-F-B target had a small area around 3 mm 2 . Although the target is rotating during deposition, this small effective ablation area, compared to that of sputtering which is in the order of 10 cm 2 , creates an uncertainty of the materials flow toward the substrate in terms of composition, droplets and second phases. It makes PLD more difficulty to produce an ideal microstructure in the asdeposited films at high T s to yield high coercive force. This could also be the main reason that even deposited at similar conditions, the films showed considerable fluctuations in their magnetic properties. However, despite the fluctuated results, the statistical analysis reveals some clues on the main trends of magnetic properties of the films in response to the varying deposition parameters.
IV. CONCLUSION
We have repeatedly synthesized Nd-Fe-B thin films to study the correlations between deposition parameters of PLD and the microstructure, magnetic property of the asdeposited films grown at high substrate temperature T s . The Nd and Fe concentrations in the film are found to be adjustable by varying the laser fluence on the target, and the films with rich Nd tend to have higher coercivity. From the statistical analyses of the results, we observed a clear trend that thin films ͑70-90 nm͒ grown at T s of 620-650°C in high vacuum could have relatively high coercivity. The crystalline grain size of Nd 2 Fe 14 B phase plays a critical role in the coercive mechanism, and the nonuniform distribution of the grain size and irregular grain shape results in larger demagnetization factor and low coercivity. The coercivity of the films peaks at the grain size of 50-70 nm instead of 20-40 nm, probably due to the oxidation and defect formed at the grain surface. As compared to sputtered Nd-Fe-B films, the films grown by PLD at high substrate temperature T s show more uncertainty in their magnetic properties. It is probably due to the nature of PLD, such as a small laser spot area on the target surface and a high density of droplets appeared in the films. The results imply that PLD may not be a suitable method to synthesize thick-film magnet of Nd-Fe-B.
